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Abstract — L
Bmploying memoization tables to skip the execution of
mic sequences of redundant instructions, our Dynamic

Trace Memoization (DTM) mechanism extends the concept
of instrUCtion reuse to larger grain units.

This work evaluates three critical architectural issues
concerning the feasability of DTM:

(i) The cost-efectiveness of trace level reuse — the pa-
or shows that a balance between the sizes of the single
:nstruction memoization table and the trace memoization

+able produces higher speedups and does not need a higher
qumber of read ports in the trace memo table;

(ii) Register file pressure — for the SPECInt95 and
SPECFp95 benchmark suites, DTM requires no extra read

orts; .
P Gii) Floating-point apparatus — in contrast with
‘he speedup of 8.4% obtained by the SPECInt95, the

SPECFp95 presented a speedup of 7% considering a DTM
mechanism which ignores the floating-point operations.

Keywords — Trace Reuse, Memoization, Instruction

Reuse, Superscalar Processor

I. INTRODUCTION

Redundant instructions represent a significant fraction
of the instructions executed by a program [1, 2]. Redun-
dant instructions are dynamic instances of the same static
instructions which execute with the same operand values,
thereby producing the same result. Instruction redun-
dancy 1S originated, for example, in expressions within
loops oOr procedures that repeatedly compute upon the
same O quasi-identical input data sets.

Redundancy elimination In hardware [3, 4, 5] is accom-
plished by caching the results of redundant instructions
within the processor and reusing them on later occur-
rences of the instructions. This is called dynamic instruc-
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tion reuse (3] (the term reuse will be used throughout re-
ferring to this approach). The main effects of reuse are:
decreased dynamic instruction count, early resolution of
data dependence chains (3], reduced branch resolution la-
tency [4] and less resource contention [4].

This paper evaluate the Dynamic Trace Memoization
(DTM) technique [7, 8] considering important architec-
tural issues such as; (i) the cost-effectiveness of trace
level reuse, i.e., a possible implementation balance be-
tween single instruction and trace memoization tables [9)
(used to capture and reuse redundant traces, i.e., dynamic
sequences of redundant instructions) producing higher
speedups without infering in a higher number of read ports
in the trace memo table; (ii) the pressure in the register
file, i.e., it is shown that DTM requires no extra read
ports when considering both SPECInt95 and SPECEFpP95
benchmark suites; (iii) floating-point aparatus - in con-
trast to the 4% to 21% (8.4% HM) speedups obtained
upon running SPECInt95, speedups from 4% to 12% (7%
HM) were observed upon running the SPECFp95 bench-
mark suite considering a DTM mechanism having no ded-
icated floating-point treatment. A comparison between
DTM and other reuse techniques is also provided.

The following describes how the remainder of this pa-
per is organized. Section II provides a functional descrip-
tion of the DTM technique, while Section III shows how
DTM could be incorporated into a typical superscalar mi-
croarchitecture. Section IV presents a summary of related
works. Section V presents and discusses the experimental
evaluation. Section VI summarizes the main conclusions
and future works.
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A Construction of Redundant Traces

The construction of a redundant trace involves veri-
fying whether the current instruction instance has the
same operand values already seen by a previous instance.
For such, DTM employs a global memoization table, or
Memo_Table_G. Each Memo_Table_.G entry correspo,nds
to an nstruction instance and has the format depicted In
Figure 1. The field pc contains the instruction’s address
‘he fields sv1 and sv2 hold the operand values and the ﬁeld,
res/ targ holds either the result of an arithmetic-logical in-
struction or the target address of a control transfer in-
st,ruct.lon. The bits jmp and brc identify the instruction
as a jump or branch respectively, and bit btk indicat
whether the branch was taken or not. %

res/mpc
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Fig. 1. Structure of a Memo.Table.G entry
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Fig. 3. Format of temporary buffers and Memo_Table_T entries.
depicts the format of the Memo_Table_T en-
. and temporary buffers. The field pc stores the ad-
o f the initial trace instruction. The field npc speci-
dressh(; address of the next instruction to be executed in
= tthe irace is reused; it is filled with the address of
:ﬁzeinstruction following t.he last one in the trace: The
icv fields hold the trace’s input f:ontext value§, whll(? thﬁe
jcr fields identify the corresponding source registers (indi-
cated by the input context map). .The ocv fields .store th.e
irace’s output context values, while the respective desti-
nation registers (indicated by the output context 'map.) are
specified by the ocr fields. Although not sho.wn in Flgt}re
3. each register identifier field has an associated validity
b;t, Fach bit in the bmsk field indicates the presence of a
branch instruction within the trace, while the correspond-
ing bit in the btk field indicates whether the branch was

Figure 3

taken or not.
The context size N specifies the maximum number of

elements in the input and output contexts. The branch

limit B indicates the maximum number of branch instruc-
tions within the traces. DTM finishes the construction of

. trace whenever one of the following events occur: (1)
" pon-redundant instruction is found; (2) the number of
* context elements Has reached the limit N; or (3) the num-
~ ber of branch instructions within the trace has reached

* the limit B.

 B. Reusing Instructions and Traces

- Concurrently with trace construction, DTM looks for

redundant instructions and traces for reuse. In order to
" detect a redundant trace, DTM initially checks whether

* each dynamic instruction is the starting instruction of a

A

A o . - )
~ previously seen trace, by comparing the instruction’s ad-
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dress against the pc fields in Memo_Table_T. For those
Memo_Table_T entries with matching pc fields, the cur-
rent contents of the registers pointed by the valid icr fields
are compared against the input context values stored in
the corresponding icv fields. The trace is redundant if the
current input context (i.e., the set of register contents)
matches a previous input context.

‘ If a hit occurs only in Memo_Table.G, then the result
In the appropriate res/targ field (Figure 1) is reused. In
particular, if the redundant instruction is a either a jump
or branch, then information in the res/targ and btk fields
1s used to redirect instruction fetch and to update branch
prediction state.

If a hit occurs in both memoization tables, DTM gives
priority to trace reuse. In this case, the output context
values in the ocv fields are written into the destination
registers indicated by the valid ocr fields (Figure 3) and
the address in the npc field is loaded into the program
counter to skip the instructions covered by the trace. In

addition, branch prediction state is updated with infor-
mation in the btk field.

ITI. A MICROARCHITECTURE WITH DTM

Let us consider a substrate microarchitecture represen-
tative of those found in current superscalar processors.
Except for a few differences the microarchitecture depicted
in Figure 4 is similar to that embodied in the AMD K6-
I1I [10].

The Instruction Fetch Stage places instructions into the
Instruction Buffer. The Decode Stage accesses instructions
from that buffer and dispatches decoded instructions to
the Scheduler. The latter is comprised by two pipeline
stages, the Operand Fetch Stage and the Instruction Issue
Stage, and by the Issue Buffer. The Issue Buffer is logi-
cally organized as rows with w entries each, where w is the
dispatch width. The Issue Buffer provides both central-
ized reservation stations and reorder buffer functionality.

The Operand Fetch Stage reads operand values from
the register file, updates validity information for the des-
tination registers and inserts the instructions along with
their valid operand values into the top row of the Issue
Buffer. The Issue Stage selects instructions for execution
according to operand availability. The Ezecute Stage con-
tains the functional units. The Commit Stage updates the
architectural state in program order.

Assuming this substrate microarchitecture, the DTM
mechanism is organized into three pipeline stages, DS1,
DS2 and DS, which operate in parallel with the Instruc-
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values, the destination register identifier and the result
of each instruction committed by the Commit Stage. If -
the instruction is redundant, DS3 updates the context
bitmaps and fills the appropriate fields in a temporary -
buffer. If the instruction is not redundant, then DS3 fin-
ishes trace construction by transferring trace information
from the temporary buffer to a Memo_Table.T entry.
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lected Mcmo_Tablg-T entries and compares the operand
values against the 1cv contents.

If hits only occur In Memo_Table.G, then the Operand
Fetch Stage inserts the redundant instruction(s) and re-
sult(s) (obtaincc! fr.om Memo_Table.G) into the Issue
guffer. If a hit in .Memo-TabIe-T occurs, then the
Operand Fetch Stage 1nserFs up to N <ocr,ocv> pairs
into the Issue Buffer. In e.nt,her case, the involved Issue
Buffer entries are not considered for scheduling, but the
esults they contain can be -for.wardec.i to other instruc-
tions. Committing these entries is carried out in the usual
manner.

[V. RELATED WORKS

In [3], Sodani and Sohi introduce the concept of dy-
namic instruction reuse and propose three reuse schemes
named Sy, Sn and Sn+d- All are based on a structure
called Reuse Buffer (RB), which saves operand informa-
tion and results to allow the execution of redundant in-
structions to be skipped. The schf-zmes S, and S,, reuse
single instructions, however Sy4.q is able to reuse chains

of interdependent instructions.

In [, Huang and Lilja introduce the notion of basic
block value locality and present the block reuse technique.
The idea is to explore broader granularity of reuse, from
the level of single instructions to basic blocks. Block reuse
employs a structure named Block History Buffer (BHB) to
store the input and output data sets of basic blocks.

In [11], Gonzalez et al. study the potential of value reuse
at the trace level. A memory structure to store trace in-
formation, the Reuse Trace Memory (RTM), is described.
However, some issues are not fully addressed, for example:
how to incorporate the RTM into a real microarchitecture,
how to keep the RTM consistent with data memory and
how to handle branch instructions. Assuming an ideal
base machine, an infinite RTM, maximum-length traces
and both infinite and 256-entry instruction windows, t.he
upper bounds for the speedup that can be achie\./ed with
trace-level reuse are shown. For RTM sizes ranging from
198 KBytes to 64 MBytes and assuming that the reuse
mechanism can read and write 16 register/memory values
per cycle, the percentage of reused instructions and the
average trace sizes are also quantified. No speedup figures
are given in this latter case.

A kev difference of DTM with respect to the other reuse
scheme.s mentioned here is the exclusion of memory access
instructions from the validity domain. We have preferred

not to consider these instructions to avoid incurring into
penalties related to keeping the memo tables consistent
with respect to the data memory. To maintain consis-
tency, it would be necessary to detect STORE instructions
writing into memory locations referenced by LOAD instruc-
tions in the memo tables, in order to either update or in-
validate the appropriate table entries. This would require
larger memo table entries, extra access ports and addi-
tional associative comparators, with consequences on the
datapath complexity, cost and performance (cycle time).
Moreover, invalidations could unnecessarily throw away
multiple traces, in the case a STORE re-writes the same
value already stored in the memory. Of course, it is pos-
sible to check such situations and avoid the invalidation
but, again, this requires extra hardware. As the evalua-
tion results in the next section will demonstrate, the good
features of DTM compensate for the exclusion of memory
access structions.

V. EXPERIMENTAL EVALUATION

We have employed the SimpleScalar Tool Set, Ver-
sion 2.0 [12] to evaluate the Dynamic Trace Memoization
technique. SimpleScalar’s out-of-order timing simulator,
sim-outorder, was modified to include the three DTM
stages (the microarchitecture simulated by sim-outorder
1s similar to that shown in Figure 4).

The SPEC95 integer and floating-point programs were
used as the benchmark programs. They were compiled by
using the C compiler provided by the SimpleScalar Tool
Set (gcc-2.6.3) with the -O3 optimization level. All
benchmark programs ran to completion except for perl
and vortex, which executed up to 300 million instruc-
tions.

The effect on performance is measured as the speedup

given by the ratio ipcprym /ipCBASE, where 1pcprar is the
instructions per cycle or ipc rate of the microarchitecture
with DTM and ipcpasg is the ipc rate of the original
microarchitecture. The actual reuse is given by the ratio
N, /Ny, where N, is the number of instructions reused (ei-
ther individually or as part of a trace) and NN, is the total
dynamic instruction count. Reused address calculations in
memory access instructions are taken into account when
counting N,. The memory access is counted as a single
instruction within the dynamic instruction count V.

A. Comparative Analysis

The speedup and actual reuse achieved by DTM are
now compared against the performance gains and actual
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-al path length within those traces is just one instruction.
This means that most of the instructions forming these
traces could be executed in parallel by the substrate mi-
croarchitecture (without DTM), provided that the nec-
essary resources were available. Therefore, the ability
of trace reuse to collapse data dependence chains has a

smaller weight in this case and, consequently, the impact
on performance is also smaller.

In the case of vortex, the lower DTM speedup is ex-
plained mainly by fact that memory accesses represent
3% of the instructions executed by this benchmark pro-
gram, which is the highest occurrence of this instruction
class amongst the benchmarks considered here. As DTM
does not include memory access instructions in its validity
domain, the proportion of redundant instructions reused
is smaller than in the other programs.

Figure 6 shows a comparison of the actual reuse at-
tained by DTM, Sp+q4 and block reuse. The actual reuse
values for Sp+4 and block reuse are reported in [4] and [5],
respectively. DTM 1s able to reuse considerably more in-
structions than Sp4+q and block reuse. Actual reuse pro-
vided by DTM varies from 31% (go) to 59% (m88ksim),
whereas the actual reuse ranges from 11% to 48% for Sy
and from 14% to 31% for block reuse. On the average
(harmonic mean across the benchmark programs common
to the three studies), DTM reuses 44% of the dynamic in-
structions, compared to 19% and 22% by Sn+d and block
reuse, respectively. According to [11], the average (geo-
metric mean) number of redundant instructions executed
by the SPEC95 integer benchmarks accounts for 83% of

the dynamic instructions.

From Figure 5, recall that DTM and S,+q performed
equally for the go program and that S,.4 outperformed
DTM for the vortex program. But, in Figure 6, note
that DTM reuses more instructions than Sp+4, €ven in the
case of these two programs. This apparent inconsistency
comes from the fact that the volume of reused instructions
in DTM is not the only factor determining speedup, trace
characteristics are equally important. For example, input
context size — which is in connection with critical path
length - and trace size — which reflects the number of in-
structions simultaneously bypassed — should also be taken
into account when explaining end performance. Similar
reasoning may also explain why the performance of Sp+d
is not directly proportional to its actual reuse. For exam-
ple, speedups of S,,4.4 for go and vortex are 5% and 10%
respectively (Figure 5), however the actual reuse for these
two programs is 24% and 21%, respectively (Figure 6).

Similar behavior can be observed when comparing DTM
speedup and actual reuse (7, 8.

B. Architectural Issues

The previous results are based on a balanced configu-
ration of DTM in which a 4672-entry Memo_Table_G and
a 012-entry Memo_Table_T are assumed. The following
set of results are obtained by assuming the same balanced
configuration in both SPECInt95 and SPECFp95 bench-
mark programs, i.e., no modification on the domain set of
reusable instructions is made and no floating-point regis-
ters are considered by the DTM mechanism.

A comparison between the balanced DTM configuration
and a single-instruction-only DTM configuration where
the whole 784 Kbits are dedicated only to Memo_Table_G
(1.e., Memo_Table_T is not used and no trace reuse is
made) is offered in Figures 7, 8, 9 and 10 for both
SPECInt95 and SPECFp95 benchmark suites. A first in-
teresting observation lies on the importance of trace reuse:
although aproximately a 20% increase on the amount of
reuse is observed when trace reuse is made (Figures 7 and
8), almost 50% of the whole performance improvement
given by DTM is due to trace reuse in both cases (Figures
9 and 10). The performance improvements observed be-
tween the two cases emphasize the importance of reusing
complete sequences of instructions, in addition to individ-
ual instructions. Note that configuration MTG is equiva-
lent to the S, scheme introduced in [3], which reuses only
individual instructions.
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Fig. 7. Effect of trace level reuse on Total Reuse.

A second important observation that can be made from
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' iceable total reuse and speedups
) 8 and 10 is the noticea
fl;;ilxl: obtained from running SPECFp95 programs on the

halanced DTM configuration where 1o special ﬁtoaggi
point apparatus were considered. Reuse amounts

observed on the defi-
21% (swim) to 50% (tomcatv) were |
nitiz)xg of an average of 30% HM. Speedups fr?m 4%l(aps 13
t0 12% (waves), average of 7% HM, are considerably goo

results.
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Another important consideration refers to a possible
Increase on the pressure on the register file of the sub-
strate microarchitecture, i.e., the possibility of simultane-
ous reuse of traces and provision of operands for ongoing
execution of instructions could mean that extra read ports
should be required by the register file. Notice that no ex-

SpecF
16 PeCFp9s

Speedup %

tra write ports are ever needed sj
of a reusable trace is given to th
ing instructions (marked as executed) i g},
window /reorder buffer that wil] load each
value into the corresponding registers whep COmmjtyey

Figures 11 and 12 presents, considering SPECIytoz . -
SPECFpP95 programs, respectively, distributiops of ) and &
taneous number of read ports used ;

nce the out
€ register ﬁ]e bV ,

Y Inclyg.
© instryegy,

SPEC95 benchmark suite.

It was assumed that such troublesome hypothetical sy, -
ations are very unlikely to occur and that, considering thy
99.6% of all reusable traces have up to four (4) operands
as input context (7, 8], the addition of four (4) extraread
ports to the register file would be reasonable as a Im- 3
plementation tradeoff. Modern fabrication technologies '
make it feasible to implement multiported register fles.
Wolfe et al. [14] show that the delay of a register fle for 8
a VLIW video signal processor is not severely affected by £
the number of ports, although area can increase by afae- 8
tor of ten when the number of ports varies from three 0
twelve. Using a 0.25 pm, 4-metal layer technology, they 8
quote a 12-port, 128 x16-bit register file as occupyng 30
mm?® and operating at 650 MHz. Large multiported regls-:;
ter files are present even in older designs. For.example.gi‘:’?;.
SPARC64 [15] has a 14-port, 116x64-bit registe flihk‘hg
tending the microarchitecture of the AMD I\G--I‘I'I. \DT.\I
has a register file with nine read ports [10], Wit P25 8
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Another architectural issue of concern is over the num-
ber of read and write ports that should be present
at Memo_Table_T. As each reusable trace is incremen-
tally mounted in Memo_Table.T from committed in-
structions (see Section II, Subsection A), just one write
port is needed since an interruption in a trace con-
struction would mean that, in the worst case, another
trace construction would follow. Figures 13 and 14
presents the distributions of the number of simultaneous
accesses to Memo_Table_T triggered by DS2 upon running
SPECInt95 and SPECFp95 programs, respectively.

Each time an I-Cache line is loaded into the Fetch
queue, up to four (4) instructions can induce the
- DS1 stage to start simultaneous associative accesses to
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Fig. 13. Number of matching traces per clock cycle.

Memo_Table_T. However, the two distributions found
show that the DS2 stage implies that, in practical terms,
up to two (2) simultaneous accesses to Memo_Table. T
should be supported. This corroborates the results shown
by Figures 11 and 12 since the number of simultaneous
accesses to the Memo_Table_T should be related to the
number of simultaneous accesses to operands in the regis-
ter file. Although no combined figures considering simul-
taneous acesses to Memo_Table_T triggered by DS1 and
DS2, one could assume that six (6) read ports would be a
maximum number to be taken into account.
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Fig. 14. Number of matching traces per clock cycle.
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Two important aspects of DT
tion. The first is in connection Wl

Recall that instruction fetch is redirec
tion indicated by npc whenever a trace is reused
[1). If the branch predictor makes a wrong prediction in
the same cycle that a trace is reused, DTM avoids fill-

ing the pipeline with instructions from the wrong path by
immediately correcting the instruction fetch. Preliminary
results indicate that such early speculation correction can
introduce appreciable performance improvements.

The second issue concerns operand availability. Recall
that, in order to detect whether a trace is redundant or
not, the trace’s input context values are compared to the
current register contents. The greater the input context
size, the higher the probability that the redundancy check
c.an.not be performed due to invalid register data. Pre-
liminary evaluations have shown that significantly better
performance could be achieved if valid register data can
b.e found more frequently. In order to get closer to this de-
sirable case (i.e., register operands being available most of
the t.ime), a Value Prediction Table [13] could be embed
ded into Memo_.Table.T. The effectiveness of this hyb ci
of value prediction and trace reuse is being studied i

M are under investiga-
th speculation control.

ted to the destina-
(Section
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